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Abstract 
Oxygen plasma treatment is introduced herein as a novel post-growth fabrication technique 
to engineer the macroscopic morphology of hollow carbon nanotube (CNT) pillars. Current 
fabrication techniques for patterned vertically-aligned CNTs only allow for the production of 
extruded structures with constant cross-sectional area. Oxygen plasma treatment is utilized to 
rectify this limitation by introducing variation to the cross-sectional area. The results presented 
herein demonstrate that a conical geometry can be successfully introduced by oxygen plasma 
treatment to a hollow cylindrical CNT pillars. Using oxygen plasma treatment, the blunt tip of a 
cylindrical CNT pillar can be controllably sharpened until it reaches a size reduction of more 
than 93%. A geometric model is presented herein to predict the morphology transformation of a 
hollow cylindrical CNT pillars during the oxygen plasma treatment. Three distinct phases of 
CNT structural and morphological evolution induced by oxygen plasma treatment are also 
identified. A mild CNT functionalization by oxygen adsorbates occurs in the first phase. The 
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second phase is indicated by drastic changes in the macroscopic morphology of CNT pillars. 
Structural amorphization and collapse of the base of the CNT pillars take place in the final phase.  
1. Introduction  
Carbon nanotubes (CNTs) represent a multi-functional material with a unique set of 
structural, electrical, thermal, and fluidic properties that make them attractive for use in 
numerous applications. However, their widespread use to date has been restricted by a lack of 
methodology to shape and transport CNTs after their fabrication [1]. Patterned vertically-aligned 
CNTs, produced by standard nanofabrication techniques of catalyst deposition and chemical 
vapor deposition, can allow for CNTs to be used in a wide range of applications including 
stamps for nanoimprint lithography [2], microneedles for transdermal drug delivery [3, 4], 
superhydrophobic surfaces [5, 6], electrical and thermal interconnects for microelectronics [1, 7, 
8],  field emission sources [9, 10], and electrodes for energy storage [11, 12]. Nevertheless, 
current nanofabrication methodology for vertically-aligned CNTs is restricted to extruded 
geometries with constant cross-sectional area since the pattern of the CNTs is controlled by 
catalyst patterning on a planar substrate.  
In this study, oxygen plasma treatment is introduced as a simple technique to increase the 
utility of vertically-aligned CNT pillars by enabling true three-dimensional morphology. 
Specifically, we demonstrate the use of oxygen plasma treatment to engineer the macroscopic 
morphology of CNT structures by introducing a tapered geometry to hollow cylindrical CNT 
pillars. The ability to introduce a tapered geometry is deemed critical to improve the 
performance and mechanical stability of CNT pillars in numerous applications, including 
microneedles, multi-length scale electrical and thermal interconnects, and nanoimprint 
  
 
 
lithography. Control of the plasma dosage allows oxygen plasma treatments to be used 
effectively to induce macroscopic shape changes of the CNT pillar in a relatively non-destructive 
manner. The results presented herein elucidate the effect of oxygen plasma on the evolution of 
both the macroscopic morphology and the microscopic structure of CNT pillars. Together, the 
results demonstrate the cascading effect of oxygen plasma treatments from individual nanotubes 
to large-scale morphology transformations of the CNT pillar.  
Oxygen plasma treatments are commonly used as an etching process for cleaning wafers 
from organic contaminants in top-down fabrication methods. Oxygen plasma treatments are also 
known as one of the most useful means to introduce oxygen functionalization on graphitic 
structures, including CNTs and graphene. Numerous previous studies have shown that oxygen 
plasma produces a large amount of oxygen containing radicals that are readily adsorbed by these 
materials [13-19]. The adsorption of oxygen alters the highly periodic π-bond networks of 
graphitic structures, which results in changes in their electrical, mechanical, chemical, and 
wetting properties. It has also been known that excessive exposure to oxygen plasma treatment 
often results in irreversible damage to the CNT structure. While oxygen plasma treatment has 
been used for years to modify the morphology of non-patterned vertically-aligned CNTs [11, 18, 
20], its use to modify the morphology of patterned vertically-aligned CNTs, in particular hollow 
CNT pillars, is yet to be explored. Because of the relevance of patterned vertically-aligned 
CNTs, in particular hollow CNT pillars, to numerous applications, as mentioned earlier, it is 
imperative to elucidate the underlying mechanism governing such modification. 
Three distinct phases of CNT structural and morphological evolution induced by oxygen 
plasma treatment are identified in this study. A mild CNT functionalization by oxygen 
adsorbates occurs in the first phase. The second phase is indicated by drastic changes in the 
  
 
 
macroscopic morphology of CNT pillars. Structural amorphization and collapse of the base of 
CNT pillars take place in the final phase. The morphology evolution of the CNT pillar is 
approximated by a geometric model that can be used to effectively predict the shape of tapered 
pillars after oxygen plasma treatment.  Altogether, the results presented herein demonstrate the 
potential of oxygen plasma treatment as a post-growth fabrication technique to engineer the 
macroscopic morphology of aligned CNT structures. 
2. Materials and Methods 
Pillars of vertically aligned multi-wall carbon nanotubes (CNT) are fabricated by thermal 
chemical vapor deposition (CVD) method. Aluminum oxide buffer (Kurt J. Lesker, 99.99% 
purity) and iron catalyst (Kurt J. Lesker, 99.95% purity) layers are patterned on silicon wafers 
(El-Cat Inc., polished 300nm thermal oxide) prior to the CNT growth using standard 
photolithography and e-beam evaporation (CHA Industries, Mk 40 e-beam evaporator) 
techniques. The thickness of the buffer and catalyst layers is 10nm and 1nm respectively. CVD 
of CNT pillars is performed using a mixture of ethylene (Matheson, 99.95% purity) and 
hydrogen (Airgas, 99.999% purity) in a 1-inch tube furnace (Lindberg Blue M, Mini Mite). 
Details of the CVD condition are described elsewhere [21-23]. The height of CNT pillars used in 
this study is varied between 200 µm and 800 µm. The as-grown CNT pillars used in this study  
are in the shape of a hollow cylindrical pillar with outer and inner diameters of 50–150 µm and 
25–120 µm respectively.  
After fabrication, CNT pillars are exposed to oxygen plasma treatment using a remote RF 
oxygen plasma etcher (PVA Tepla, M4L) at a power setting of 50 W, an oxygen flow rate of 
100–150 sccm, and a chamber pressure of 500 mTorr [22]. The as-grown CNT pillars, together 
  
 
 
with their growth substrates, are placed at the center of the chamber to ensure the uniformity of 
plasma exposure during the oxidation process. The exposure time is varied between 1 and 20 
minutes.  
Changes in macroscopic morphology of CNT pillars are characterized using a field emission 
scanning electron microscope (Zeiss, 1550 VP). Scanning electron micrographs are taken at a 
sample tilt angle of 60° using an acceleration voltage of 5 kV. Local oxygen to carbon atomic 
ratio (O/C) is measured on specific CNT pillars by performing energy dispersive x-ray 
spectroscopy (EDS) (Oxford, X-Max Silicon Drift Detector) at an acceleration voltage of 5 kV. 
Changes in the microscopic structure of CNT pillars are characterized using a high performance 
transmission electron microscope (FEI, Tecnai F30UT). Transmission electron micrographs and 
selected area diffraction pattern (SADP) are collected with an acceleration voltage of 300 kV. 
For TEM and SADP, each sample is prepared by scraping off a small amount of CNT pillars 
from their growth substrates and dispersing the CNTs in ethanol (Sigma Aldrich, 200 proof) 
under sonication for 5 minutes. This dispersion is then poured on a holey carbon grid (Electron 
Microscopy Sciences, C-Flat) and dried in low vacuum at room temperature. 
Surface chemistry characteristics of CNT pillars are assessed using x-ray photoelectron 
spectroscopy (XPS) (Surface Science, M-Probe XPS). A monochromatic 1486.6 eV Al Kα is 
used as the x-ray source and the detailed C1s spectra are collected at a binding energy of 281–
297 eV and a spot size of 100 µm. Each sample is prepared from the dispersion of CNT pillars 
mentioned above, which is then poured uniformly on a clean silicon chip and dried in low 
vacuum at room temperature. Changes in relative surface concentration of various C bonds are 
quantified by performing deconvolution on the C1s spectra using Gaussian-Lorentzian peak 
fitting with Shirley baseline correction at the following binding energies: C-C sp2: 284.7 ± 0.1 
  
 
 
eV (FWHM 0.9 eV), C-C sp3: 285.6 ± 0.1 eV (FWHM 1.3 eV), C-O: 286.6 ± 0.1 eV (FWHM 
1.4 eV), C=O: 287.4 ± 0.2eV (FWHM 1.4 eV), O-C=O: 289 ± 0.4 eV (FWHM 1.7 eV), O-
C(O)=O: 290.4 ± 0.4 eV (FWHM 1.7 eV), and π- π*: 292.1 ± 0.4 eV (FWHM 1.6 eV) [13, 17, 
23]. 
Raman spectroscopy characterization is performed using a micro Raman spectrometer system 
(Renishaw, M1000) equipped with an argon ion laser at an excitation wavelength of 514.5 nm. 
Each sample is characterized as is without prior sample preparation. Raman spectra are collected 
using an optical magnification of 100X in a non-polarized mode at a Raman shift of 500–3500 
cm-1. Three CNT signature peaks are identified at ~1350cm-1 (D band), ~1585cm-1 (G band), and 
~2695 cm-1 (G' band) [24, 25]. The quality of CNT pillars is quantified by the ratio between the 
integrated area under the D band and the G band (ID/IG). 
3. Results  
3.1. CNT Pillar Morphology 
SEM images show that oxygen plasma treatment has the capability to modify the 
macroscopic morphology of hollow cylindrical CNT pillars across large samples (Figure 1a). 
Upon exposure to oxygen plasma treatment, a tapered geometry is effectively introduced to each 
CNT pillar. This taper geometry becomes more pronounced as the oxygen plasma exposure 
increases (Figure 1b). The base diameter of the pillar remains constant while the tip diameter 
progressively shrinks with increasing plasma exposure. The tapering effect is generally uniform 
over the height of the pillar, making the tip of the pillar as the location where the pillar diameter 
reaches a minimum value. However, at high plasma doses, the minimum diameter point in the 
pillar shifts from the tip to slightly below the tip, forming an observable neck just below the tip. 
  
 
 
Similarly, the wall thickness of the pillars gradually decreases with increased oxygen plasma 
exposure. It follows, generally, that the point of minimum wall thickness in the pillar 
corresponds to the location of minimum diameter either at the tip of the pillar for low dosage 
treatments or at the neck of the pillar for high dosage treatments.  
The morphological evolution of the CNT pillar as it undergoes increasing oxygen plasma 
exposure can be observed by correlating its minimum diameter and wall thickness to the oxygen 
adsorbates concentration of the pillar (Figure 2a). Oxygen adsorbates concentration, which 
indicates the total dose received by a CNT pillar over the cumulative oxygen plasma exposure, 
can be estimated by its oxygen to carbon ratio (O/C ratio) as measured through EDS. It has been 
widely known that plasma treatment is dependent on a number of physical parameters, including 
plasma flow rate and density, chamber pressure, power setting, and exposure time. In this study, 
O/C ratio is chosen as a single robust parameter to characterize the plasma treatment process, 
allowing the morphological evolution of the CNT pillar to be significantly simplified.  To clearly 
show the evolution, the minimum diameter (dm) and wall thickness (t) of each CNT pillar are 
normalized by its original outer diameter (d0) and wall thickness (t0) respectively (Figure 2b). 
Three distinct phases of macroscopic morphological change are identified for the oxygen plasma 
treatment of CNT pillars.  
Phase I is observed at a very low oxygen plasma dose, with a measured O/C below 4%, 
where changes in CNT pillar morphology are minimal (Figure 2a). While a small change in t/t0 is 
apparent, changes in dm/d0 are primarily negligible. This indicates that the wall thickness is more 
responsive, albeit slightly, to the effect of oxygen plasma treatment than the minimum diameter. 
The correlation between dm/d0 and t/t0 shows that the diameter remains constant until the wall 
thickness reaches about 80% of its original value (Figure 2c). Phase II is observed at a moderate 
  
 
 
dose of oxygen plasma, where changes in morphology become more apparent (Figure 2a). Both 
dm/d0 and t/t0 decrease proportionally with the increase of O/C. The reduction rate of both dm/d0 
and t/t0 is considerably high such that their values drop to less than 10% as the O/C of the pillar 
increases to about 10%. Here, the diameter and thickness of the pillar contract at similar rates 
during plasma treatment (Figure 2c).  
Phase III is observed at an even higher dose of oxygen plasma, with a measured O/C ratio 
above 10%, where changes to dm/d0 and t/t0 are not as apparent as in Phase II (Figure 2a). Indeed, 
both dm/d0 and t/t0 continue to decrease to nearly 0% as the O/C of the pillar increases to 35%. 
However, it has to be noted that other modes of morphology modification appear in this regime. 
As the base of the CNT pillar begins to collapse, formerly vertical CNTs now run horizontal 
across the substrate before coming together to support the pillar with a much reduced base 
diameter. Also in Phase III, formation of a neck is observable just below the tip of the CNT 
pillar. The neck of the pillar represents the boundary between the crust and vertically aligned 
CNTs. Just prior to the formation of the neck, at the end of Phase II, the tip loses its circular 
shape which indicates the highly pliable state of the pillar tip. It is observed that the crust layer 
reaches a minimum feature size while the rest of the pillar continues to contract below the crust 
(Figure 2d). As the diameter of the neck continues to shrink, the CNTs that support the tip begin 
to bend causing the tip of the pillar to expand outward creating a flower-like bloom. This flower-
like bloom created at the tip remains constant in size throughout Phase III. 
In comparing the transition points for dm/d0 and t/t0, as approximated by a linear fit to the 
data, it is observed that for both the transition from Phase I to Phase II and the transition from 
Phase II to Phase III, the transition in wall thickness and minimum diameter occurs almost 
simultaneously. For the transition from Phase I to Phase II, the transition in t/t0 and dm/d0 occurs 
  
 
 
at an O/C of about 3.2% and 3.8% respectively. For the transition from Phase II and Phase III, 
the transition in t/t0 and dm/d0 occurs at an O/C of about 9.6% and 10.2% respectively. This 
indicates that the decrease in t/t0 is followed immediately by a decrease in dm/d0 . A single linear 
fit can be used to approximate the change in dm/d0 with respect to the change in t/t0 in both Phase 
II and Phase III. This demonstrates that despite significant changes in the macroscopic behavior 
of pillar contraction between Phase II and Phase III, the relative relation between minimum 
diameter and wall thickness remains the same throughout Phase II and III (Figure 2c).  
The pillars are most responsive to the oxygen plasma treatment in the dosage range 
represented by Phase II. In Phase II, the tip diameter can be controllably reduced to about 93% of 
its original size without the complication of artifacts such as neck formation and base collapse as 
observed in Phase III. The progression in the profile of the pillars can be modeled as a hyperbolic 
cosine such that the nanotubes comprising the pillar are represented as a set of aligned, similar 
curves (Figure 3a). In this representation, the CNTs before the plasma treatment are modeled as 
perfectly vertical. The CNTs in the model are constrained as having a constant arc length and a 
fixed position on the substrate (Figure S1 in the Supplementary Material). Both of these 
constraints follow from experimental observations of the pillar during shape transformation. Due 
to the fixed position of the CNTs at the base, the effect of oxygen plasma treatment is more 
apparent near the tip, resulting in the overall concave appearance of the resulting CNT pillar 
(Figure S2 in the Supplementary Material). 
 In addition to predicting the profile of the pillar, the model allows for insight into the 
correlation between pillar height and tip diameter during the oxygen plasma treatment (Figure 
3c). Here, the pillar height (h) and tip diameter (dt) of each CNT pillar are normalized by its 
original dimensions (h0 and d0 respectively) before treatment (Figure 3d). The end of Phase II 
  
 
 
itself is depicted in the final pillar profile with dt/d0 of 10%. It is found that the overall change in 
h/h0 during the oxygen plasma treatment depends greatly on h0. In the span of the plasma 
treatment, dt/d0 decreases by more than 93%. However, for pillars of with h0 of 200 µm and 400 
µm, the decrease in h/h0 is limited to about 11% and 3% respectively (Figure 3b). This 
demonstrates that dt/d0 decreases at a much faster rate than h/h0 (Figure 3c).  
3.2. CNT Structure 
Changes in morphology of CNT pillars due to oxygen plasma treatment can be related to 
structural changes of CNTs at a smaller length scale. High magnification SEM images show that 
a low oxygen plasma dose does not have a significant effect on the CNT inter-tube spacing and 
packing density (Figure 4a). Indeed, the vertical alignment and inter-tube spacing of the as-
grown CNT pillars are similar to the pillars at the transition point between Phase I and Phase II. 
However, in Phase II, the CNT inter-tube spacing decreases with increased oxygen plasma 
exposure, suggesting the presence of a CNT densification process. In this phase, the CNTs are 
packed in a much smaller space such that their entanglement and curliness start to disappear. A 
further increase in oxygen plasma exposure results in an additional reduction of inter-tube 
spacing. Thus, in Phase III, each individual CNT is in such close contact with its neighboring 
CNTs that the empty space between each CNT can no longer be observed by SEM.  
Furthermore, high magnification TEM images indicate that the graphitic structure of each 
CNT undergoes a significant transformation during the oxygen plasma treatment (Figure 4b). 
The originally thin, amorphous structure that encapsulates the highly graphitic structure of the 
as-grown CNT becomes thicker as the oxygen plasma dose increases. Indeed, at the transition 
point from Phase I to Phase II, the thickness of this amorphous structure is about the same as that 
  
 
 
of the CNT side wall. Note that the original graphitic structure of the CNT is still largely intact at 
the beginning of Phase II. However, a further increase in the plasma exposure results in the 
disappearance of such amorphous coating. In Phase II, the formation of holes on the CNT side 
wall that are several layers deep becomes more apparent and the graphitic structure of the CNT is 
no longer intact. At an even higher exposure, significant deformation to the graphitic structure of 
the CNT becomes more pronounced. Indeed, in Phase III, the remaining structure of the CNT 
becomes amorphous and the well-organized graphitic stacking of the CNT wall completely 
disappears. 
The above mentioned structural transformation is further confirmed by changes in the SADP 
relative intensity of CNTs during the oxygen plasma treatment (Figure 4c). The observed 
concentric circular SADP of as-grown CNTs originates from the multiple orientations of the 
CNT walls. The first feature (A) and the third feature (C) at a spacing of 2.9 nm-1 and 5.9 nm-1, 
respectively, indicate the <0002> and <0004> orientations, which are associated with the 
graphitic stacking of the CNT wall [26]. The second feature (B) and the fourth feature (D) at 
spacing of 4.9 nm-1 and 8.4 nm-1, respectively, indicate the <1030> and <1120> orientations, 
which are associated with the hexagonal lattice of the C-C sp2 hybridized carbon structure. The 
SADP of CNTs at the beginning of Phase II is similar to that of CNTs in Phase I but with more 
dispersed features. This confirms the TEM observation that a low dose of oxygen plasma 
exposure results in an encapsulation of CNTs by thick amorphous coatings without severely 
damaging their graphitic structures [27]. The SADP of CNT pillars in Phase II and III indicate a 
complete disappearance of feature C, while feature B can still be observed. Moreover, feature A 
is now similar to the pattern of amorphous structure and is no longer distinguishable. This 
  
 
 
confirms the TEM observation that a high dose of oxygen plasma results in the disappearance of 
well-organized graphitic stacking of the CNT wall.  
The increase in defect density induced by oxygen plasma treatment is further verified by the 
increase in ID/IG obtained from Raman spectroscopy (Figure 4d). As expected, the ID/IG of CNT 
pillars increases with the increase of oxygen plasma exposure. The ID/IG increases from about 1 
for the as-grown CNT pillars to about 1.3 for the CNT pillars at the beginning of Phase II. In 
Phase II, the ID/IG increases even further, up to a maximum of 1.5. Such a high ID/IG value 
indicates that CNTs in Phase II are highly defective due to the formation of holes on the CNT 
side wall. Interestingly,  further exposure to the oxygen plasma treatment results in a decrease of 
ID/IG, where the ID/IG of CNT pillars in Phase III is found to be about 1.3. However, such 
decrease in ID/IG is accompanied by the appearance of a shoulder D' peak (~1620cm-1), a blue 
shift in both D and G bands, and the complete disappearance of G’ band. These changes can all 
be attributed to a significant increase in disorder-induced strain and scattering of the CNT π-bond 
network [28-30]. These changes also imply that the remaining graphitic structures are heavily 
doped with oxygen adsorbates [16, 20, 31, 32].   
XPS analysis is performed to further elucidate the evolution of structural transformation of 
CNT pillars as they are being exposed to an increasing dose of oxygen plasma (Figure 5a). As 
expected, the C1s spectra of as-grown CNT pillars exhibit an extremely strong C-C sp2 peak and 
a considerably weak C-C sp3 peak. In addition, C-O, C=O, O-C=O, O-C(O)-O, and π- π* 
shakeup peaks are almost nonexistent. In Phase I, the intensity of oxygenated groups and C-C 
sp3 peaks increases slowly with the increase of oxygen plasma exposure. However, they are 
consistently observed to be considerably weaker than the C-C sp2 peak. The C1s spectra in 
Phase 1 are still strongly influenced by the C-C sp2 peak. Beyond this threshold, the intensity of 
  
 
 
oxygenated groups and C-C sp3 peaks start to increase rapidly with the increase of oxygen 
plasma exposure. Note that the intensity of the C-O and O-C=O peaks increases at a considerably 
faster pace than that of the C=O and O-C(O)-O peaks, and that the intensity of the C-C sp3 peak 
increases at an even faster rate (Figure 5b). At the beginning of Phase II, the intensity of C-C sp3 
peak is already about the same as that of C-C sp2 peak.  
A more dramatic transformation can be observed during Phase II, where the C1s spectra are 
no longer dominated by the C-C sp2 peak (Figure 5a). Notice that the C1s spectra are now 
dominated by the C-O peak. In fact, the intensity of C-O peak may reach up to three times higher 
than that of the C-C sp2 peak. Thus, the peak position of C1s spectra is now shifted to a binding 
energy of 286.6 eV. The C-C sp2 peak starts to disappear at a higher dose of oxygen plasma 
treatment. At the end of Phase II, the intensity of the C-C sp2 peak has become extremely weak, 
followed by the rapid emergence of the C=O, O-C=O, and O-C(O)-O peaks (Figure 5b). Here, 
the peak position of the C1s spectra is shifted to an even higher binding energy of 288.6 eV. 
Further increase in oxygen plasma exposure results in the disappearance of the C-O bond, while 
the intensity of the C=O, O-C=O, and O-C(O)-O peaks continues to increase. In Phase III, the 
intensity of the C-C sp2 peak is negligible, suggesting that the remaining C-C bonds are in the 
form of sp3 hybridization.  
4. Discussion  
As described earlier, CNT pillars undergo three distinct phases of structural and 
morphological evolution as they are subjected to an increasing dose of oxygen plasma (Figure 6). 
The first phase (Phase I) occurs at a very low dose of oxygen plasma, and is indicated by the 
absence of changes in the large-scale morphology of CNT pillars. Here, the morphology of the 
  
 
 
CNT pillars remains similar to that of the as-grown CNT pillars. The second phase (Phase II) 
occurs at a moderate oxygen plasma dosage, and is indicated by a major transformation in the 
macroscopic morphology of the CNT pillars. Such a major transformation can be easily observed 
from the rapid decrease in wall thickness and diameter of the CNT pillar with increasing oxygen 
plasma exposure. The final phase (Phase III) occurs at a high dose of plasma treatment, and is 
indicated by macroscopic morphological changes including collapse of the base of the pillar and 
formation of a neck below the tip of the CNT pillar.  
In Phase I, the effect of oxygen plasma treatment on CNT pillars is limited primarily to 
functionalization of the CNTs. In this phase, oxygen radicals are adsorbed by CNTs mainly in 
the form of hydroxyl, epoxide, and carbonyl groups (Figure 5b). It has been known that these 
groups are readily formed in stable configurations on the outer surface and defect sites of 
graphitic structures during oxygen plasma treatment [13, 17, 33]. Generally, hydroxyl groups are 
formed on the CNT walls by a reaction between physisorbed water molecules and oxygen 
radicals produced by the plasma treatment. On sites that are free from physisorbed water, oxygen 
radicals are commonly adsorbed as epoxide groups due to their lowest energy configuration. 
Because epoxide groups have a tendency to create pair structures, some of these groups 
subsequently form neighboring carbonyl groups. Unlike the formation of hydroxyl and carboxyl 
groups that are relatively superficial, the formation of carbonyl groups gives rise to structural 
defects and holes. Although the formation of these groups induces a transformation in carbon 
hybridization from sp2 to sp3, their relative concentration is rather low such that the graphitic 
structure of the CNT appears to be reasonably intact.  
In addition to surface functionalization, surface encapsulation by amorphous structures also 
occurs in this phase (Figure 4b). Such amorphous structures are most likely formed by 
  
 
 
redeposition of some organic compounds during oxygen plasma treatment [27]. It has been 
known that a small amount of carbon can be easily etched from highly defective graphitic 
structures and inherently existing amorphous carbon by both physical bombardment of the 
plasma and chemical reaction with highly reactive oxygen radicals, even at a relatively low 
dosage of oxygen plasma treatment [20, 30, 34]. Note that the as-grown CNT pillars are not 
entirely free from structural defects and amorphous carbon coating (Figure 4b and Figure 4d). 
Further interactions with the complex plasma environment allow the etched carbon to be 
redeposited as amorphous organic compounds onto the CNT walls, either physically or 
chemically [15]. While the deconstruction of defective CNTs is not obvious, the redeposition of 
amorphous carbon during oxygen plasma treatment is conspicuous.  
Despite the structural changes induced by functionalization and surface encapsulation 
processes, all macroscopic features of the CNT pillar, including diameter and wall thickness, 
remain unchanged in Phase I (Figure 2a). This implies that CNT densification does not occur in 
this phase, as observed from the unaltered CNT inter-tube spacing (Figure 4a). Although 
amorphous carbon and oxygen adsorbates increase the CNT surface energy, they are present in a 
low concentration that is inadequate to influence the interaction between neighboring CNTs in 
the pillar. The absence of changes in the macroscopic morphology also suggests that in this 
phase the etching process is essentially limited to the highly defective graphitic structures and 
inherently existing amorphous carbon.  
In Phase II, changes in the CNT graphitic structure become more pronounced with increasing 
oxygen plasma exposure. The concentration of oxygen adsorbates is found to be increasing 
rapidly as the CNT pillars undergo a prolonged oxygen plasma treatment. In fact, even at the 
beginning of Phase II, CNT pillars are already functionalized by a high concentration of oxygen 
  
 
 
adsorbates. In Phase II, oxygen is adsorbed in the form of not only hydroxyl, epoxide, and 
carbonyl groups, but also carboxyl and carbonate groups (Figure 5b). These later groups are 
typically formed by a rapid reaction between carbonyl groups and oxygen or hydroxyl radicals 
[13]. Since these groups are most likely formed at the edges of defect sites, their presence 
indicates the occurrence of a substantial etching process.  
Note that the surface encapsulation processes by amorphous carbon cease to occur in Phase 
II. In fact, the thickness of the amorphous coating decreases rapidly with increasing dosage of 
oxygen plasma treatment. Since amorphous carbon more readily reacts with oxygen radicals than 
graphitic structures [20, 27], etching of the CNT is started by the removal of the amorphous 
coating. Once the amorphous coating has been largely removed, the CNT graphitic structure 
becomes susceptible to further functionalization and etching (Figure 4b). As a result, the 
remaining CNTs undergo a major transformation in terms of carbon hybridization, from sp2 
dominated structure to sp3 dominated structure (Figure 5a). This transformation induces 
additional strain to the CNT structure due to the difference in C-C bond length from trigonal 
planar sp2 carbon hybridization to tetragonal sp3 carbon hybridization, and further intensify the 
degree of disorder in the CNT π-bond network (Figure 4d) [33, 35].  
  A further increase in the concentration of oxygenated groups also leads to an increase in the 
magnitude of the CNT surface charge and energy, which ultimately increases the attraction 
between individual CNTs in the pillar. As a result, the densification process starts to occur, 
which is indicated by the decrease in the CNT inter-tube spacing (Figure 4a). The densification 
process has also been regarded as an effective means to further decrease the CNT surface energy 
[15, 18]. This densification process in turn triggers the macroscopic shape change as observed in 
the cylindrical CNT pillar by a reduction in the pillar thickness quickly followed by reduction in 
  
 
 
tip diameter. Because the availability of oxygen radicals at the tip of the CNT pillar is generally 
higher than on the side of the pillar, the rate of functionalization and etching at the tip is 
relatively higher than that at the side wall of the CNT [15, 36]. Thus, the densification process at 
the tip of the CNT pillar occurs at a higher rate than at the side of the pillar, resulting in the 
formation of a tapered geometry on the cylindrical CNT pillar. A combination of CNT etching 
and densification processes are regarded as the underlying mechanism of change in macroscopic 
CNT pillar morphology that occurs in Phase II. 
In Phase III, the prolonged exposure to oxygen plasma results in excessive etching of the 
CNT walls, which gives rise to the formation of large holes that are several layers deep. Some of 
the CNTs are even found with walls that are almost completely etched or have become 
amorphous (Figure 4b). The CNT densification process continues during this phase resulting in 
an even higher CNT packing density. Here, each remaining CNT is in close contact with its 
neighbors and the empty space between these remaining CNTs can hardly be observed (Figure 
4a). The effect of such extensive etching and densification processes on the large scale 
morphology of CNT pillars can be observed from the further decrease in diameter and wall 
thickness, as well as the collapse of the base. In addition, neck formation near the pillar tip 
becomes more apparent in Phase III. This necking effect is mainly caused by the presence of a 
crust region, several microns thick, at the tip of the pillar. In the crust region, the alignment of 
the CNTs breaks down creating a dense layer of highly entangled CNTs, which is often 
accompanied by a thick layer of amorphous carbon as well as residual metal catalyst and oxides 
buffer depending on the quality of the CNT growth. Thus, the crust region is generally more 
resistant to the effect of oxygen plasma treatment than the rest of the CNT pillar. The formation 
  
 
 
of a neck near the tip of the CNT pillar ultimately results in a morphological transformation 
similar to a blooming flower (Figure 2d). 
The geometric model introduced in this study can be used as a guide to predict the evolution 
of the CNT pillar profile during shape transformation in Phase II. The good agreement between 
the model and experimental observation proves that the CNT pillar profile can indeed be 
represented as a smooth curve derived from a hyperbolic cosine function (Figure 3a). As 
depicted in the model, the profile of the pillar is initially linear and then becomes more concave 
as the oxygen plasma treatment progresses through Phase II. In Phase III, the model no longer 
captures the profile of the pillar as the profile can no longer be represented as a single global 
curve. Features such as necking at the tip and the collapse of the base create local deviations in 
the shape of the pillar. Comparing the predicted curve to the actual profile of a pillar at the verge 
of neck formation, the model captures the overall profile of the pillar with the exception of the 
top 20% of the pillar due to the formation of the neck, which abruptly changes the curvature of 
the pillar near the tip. It is also predicted by the model that oxygen plasma treatment slightly 
reduces the height of the cylindrical CNT pillar simultaneously with rapid reduction in tip 
diameter. This suggests that a highly tapered CNT pillar can be fabricated without sacrificing its 
initial height. While the change in height of the CNT pillar during oxygen plasma treatment can 
be neglected for taller pillars, change in height for shorter CNT pillars can be significant (Figure 
3c). The model ultimately demonstrates the ability to accurately tailor the morphology of a 
treated pillar based on the pillar’s initial morphology and its total oxygen plasma dosage. Thus, 
oxygen plasma treatment represents a significant step towards creating scalable, fully three-
dimensional CNT structures. 
  
 
 
As described herein, oxygen plasma treatment represents a powerful means to engineer the 
morphology of CNT pillars into complex geometries. Traditional bottom-up fabrication methods, 
including catalyst patterning and chemical vapor deposition, restrict the pillar geometry to a 
constant cross-section. This restriction ultimately limits the widespread adaptation of CNT pillars 
for numerous applications. As described here, oxygen plasma treatment can be utilized as a 
simple and scalable method for overcoming this obstacle by enabling three-dimensional 
modification to the geometry of CNT pillars without inducing excessive damage to the CNT 
graphitic structure. Oxygen plasma treatment can be easily utilized to introduce a tapered 
geometry to the cylindrical CNT pillar by reducing the tip diameter by up to 93%. Since most 
changes in large scale morphology of CNT pillars take place in Phase II, it represents the ideal 
treatment conditions without the complication of non-uniform artifacts such as excessive neck 
formation and base collapse as observed in Phase III (Figure 6).  In fact, for most practical 
applications, it may be beneficial to stop the oxygen plasma treatment before reaching Phase III. 
While Phase III offers even more unique shape transformations, such as a blossoming-type 
transformation of the CNT pillar tip, it also results in the excessive etching and amorphization of 
the CNT graphitic structures. Therefore, Phase III of the oxygen plasma treatment may not be 
suitable for applications that rely on the inherent properties of CNTs.  
5. Conclusion 
The findings presented herein demonstrate the potential of oxygen plasma treatment as a 
post-growth fabrication technique to engineer the macroscopic morphology of vertically-aligned 
CNT structures. In particular, oxygen plasma treatment has the capability to introduce a tapered 
geometry to hollow cylindrical CNT pillars by controllably reducing the tip diameter by up to 
93%. Changes in morphology of a CNT pillar during the oxygen plasma treatment can be 
  
 
 
approximated by a geometric model based on a hyperbolic cosine function. As predicted by the 
model, the profile of the CNT pillar is initially linear and then becomes more concave as the 
oxygen plasma treatment progresses. All macroscopic features of the CNT pillar, including 
diameter, wall thickness, and height, are found to be proportionally decreasing with increasing 
oxygen plasma dosage.  
Changes in macroscopic morphology of CNT pillars can be related to structural changes on 
the length scale of individual CNTs. These changes can be qualitatively categorized into three 
distinct phases representing increasing dosages of oxygen plasma treatment. At a low dose of 
plasma treatment (Phase I), the effect of the treatment on CNT pillars is limited primarily to 
functionalization of the CNTs. As observed experimentally, macroscopic changes in morphology 
are the result of a combination of CNT etching and densification processes and occur primarily 
at a moderate dosage of oxygen plasma (Phase II). A high dose of plasma treatment (Phase III) 
results in the excessive etching and amorphization of the CNT graphitic structures. Therefore, 
moderate doses of oxygen plasma treatment, as represented by Phase II, represent the ideal 
conditions to introduce controllable changes in the macroscopic morphology of CNT pillars 
without the complication of non-uniform artifacts such as neck formation and base collapse that 
are observed at larger doses of plasma treatment. 
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pillar in Phase II, and (iv) represents CNT pillar in Phase III. Scale bars in (a) and (b) represent 
300 nm and 10nm respectively, and scale bars in insets of (b) represent 10nm-1.  
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O, and π- π* shakeup obtained from (a). (i) represents the as-grown CNT pillar, (ii) represents 
CNT pillar in Phase I, (iii) represents CNT pillar at the beginning of Phase II, (iv) represents 
CNT pillar in Phase II, (v) represents CNT pillar at the end of in Phase II, and (vi) represents 
CNT pillar in Phase III. AG denotes the as-grown CNT pillars. 
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